ABSTRACT: The causative agent of the Indo-Pacific coral disease, Porites ulcerative white spot syndrome (PUWS), that affects Porites spp. and a few other coral genera has so far remained unidentified. Inoculation of thiosulphate citrate bile sucrose (TCBS) agar with tissue material from Porites cylindrica infected with white spot produced colonies of approximately 3 mm diameter consisting of Gram-negative, motile, non-sucrose-fermenting, slightly curved rods with a minimum NaCl requirement of 0.3%. Three of these putative Vibrio sp. isolates were used for infection trials that included different stages of cell growth. Four modes of inoculation and 3 stages of bacterial cell growth were considered for testing Koch's postulates. Stationary phase cells proved more consistently infectious than did exponentially growing or starved cells using a 1-step immersion technique at cell concentrations of 10 4 cells ml -1
INTRODUCTION
Coral diseases have become an increasing threat to coral reefs (Harvell et al. 1999 ). In the Caribbean Sea, coral diseases, such as white pox, were implicated in the loss of more than 70% of Acropora palmata coral cover (Patterson et al. 2002) . In the Indo-Pacific region, coral diseases, such as bleaching, black band, coral tumors (skeletal anomalies), tissue necrosis, pink syndrome and white syndromes (including Porites ulcerative white spot syndrome, PUWS), are becoming widespread (Kushmaro et al. 1998 , Ben-Haim et al. 2002 , Raymundo et al. 2003 , 2005 . PUWS affects Porites spp., Goniastrea minuta, Echinopora lamellosa, Heliopora coerulea, Favia stelligera, Favia sp., Montipora grisea, M. malampaya, M. turtlensis, M. digitata, M. vietnamensis and M. turgescens coral species in the Philippines (Raymundo et al. 2005 , Kaczmarsky 2006 ). On Bolinao reefs, PUWS showed a prevalence of 2 to 12%, while it remained unclear whether this disease had a significant effect on the coral reef structure (Raymundo et al. 2005) . This disease forms characteristic small white lesions (3 to 5 mm), and while the corals frequently recover, the disease can also progress to cause tissue necrosis and death of the polyps (Raymundo et al. 2003) . Healthy corals have been infected by establishing direct contact for 7 d between healthy and diseased specimens (Raymundo et al. 2003 ). Yet, the causative agent of this disease remains unknown.
To date, causative agents of 8 coral diseases have been identified. Four of the causative agents belong to the bacterial genus Vibrio, namely V. shiloi, V. charchariae, V. alginolyticus and V. coralliilyticus. These bacteria are pathogens of Oculina patagonica, Acrop-ora spp., Montastrea spp. and Pocillopora damicornis (Rosenberg et al. 2007) . Vibrio species are widespread copiotropic constituents of mesophilic microbial communities that favor organic pollution from shellfish and fish cultivation in coastal marine environments (Colwell et al. 1977 , Colwell 1996 , Reichardt et al. 2007 ). This group also harbors the causative agents of an extremely wide range of diseases of commercial marine fishes and shellfish (Bruno et al. 1998 , Robertson et al. 1998 , Lacoste et al. 2001 ). At year-round surface water temperatures between 27 and 33°C coral reefs in the vicinity of intensive milkfish Chanos chanos mariculture at Cape Bolinao (Lingayen Gulf, Philippines) are particularly exposed to high densities of different populations of Vibrio spp. (W. T. Reichardt et al. unpubl. data) . Thus, a highly selective enrichment medium for marine vibrios, such as thiosulphate citrate bile sucrose (TCBS) agar (Bolinches et al.1988) , was considered as first choice for isolating test strains from white spots of diseased Porites cylindrica to test Koch's postulates (Rosenberg 2004) . Since extracellular proteases are the only known virulence factor of coral pathogens (Kushmaro et al.1998 , Rosenberg 2004 , isolates from TCBS agar were also screened for this enzyme activity.
Several techniques of inoculation have been designed for testing Koch's postulates to identify causative agents of coral diseases (Kushmaro et al. 1998 , Ben-Haim et al. 2002 , Patterson et al. 2002 , Smith and Weil 2004 . Our infection trials with proteolytic isolates of putative vibrios took into account that Vibrio spp. undergo starvation survival, and that their proteases are induced only in survival stages (Roszak & Colwell 1987 , Albertson et al. 1990 , Morita 1999 , Oliver 2005 . Another factor considered in our experiment was the density of cells applied in the inoculum. V. coralliilyticus can cause coral death already at cell densities as low as 10 4 cells ml -1 (Ben-Haim & Rosenberg 2002) .
MATERIALS AND METHODS
Collection of corals. Bolinao Bay area (Lingayen Gulf, Luzon, Philippines) is characterized by approximately 50 km 2 of a fringing reef system. Water temperatures peak from 32 to 35°C during summer months (April and May), and decline to 26 to 28°C during the northeast monsoon period in January and February; salinities fluctuated between 30 and 35 (M. D. M. Arboleda unpubl. data). White syndromes including PUWS are the most predominant coral diseases observed year-round (Raymundo et al. 2005) . Samples of Porites cylindrica showing PUWS signs were first collected from reef sites at Malilnep (15°25' 19" N, 119°57' 20" E) and Lucero (15°21' 19" N, 119°59' 20" E) (Dizon et al. 2008 ). Nubbins of healthy P. cylindrica were maintained and prepared for inoculation trials in aquaria fed with sand-filtered seawater in a roofed open-air hatchery. Water used in the preliminary experiments was constantly pumped from its source 200 m directly in front of the outdoor hatchery after passing through a sand filter. Water used for the final infection trial using 1-step immersion was further purified by a series of compact filters (50, 12 and 10 µm) and UV sterilization. Water losses due to evaporation were compensated for by daily replenishment from a source of distilled water. Unless controlled by immersion heaters, temperatures were monitored daily at 11:00 and 23:00 h. To avoid contamination by wind-blown particles, the 20 × 30 × 40 cm-sized aquaria were protected with plexiglass covers leaving a 1 cm space for gas exchange. Following an equilibration period of 2 wk, the appearance of disease signs was monitored at daily intervals. This was a precautionary step to detect and exclude from the trials any coral specimens that would develop signs of PUWS during the holding period of 2 wks before the test strains were inoculated.
Isolation of test strains. Tissue material from white spots of 5 randomly selected diseased Porites cylindrica specimens from Malilnep reef site was collected with sterile syringes. Serial dilutions of this material in sterile seawater were plated onto TCBS agar (HiMedia). The most abundant colony types of putative vibrios were isolated and subjected to several alternating transfers on TCBS agar and marine agar (HiMedia), before being maintained on marine agar slants. Twenty of these isolates were screened for ectoprotease activity in nutrient broth cultures based on dye release from 20 mg amounts of hide powder azure (Sigma) serving as enzyme substrate (Rinderknecht et al. 1968 , Reichardt 1988 . Three of a total of 10 protease-positive isolates were selected for infection trials.
Infection trials. Infection trials were initiated with mounted coral fragments that were placed in glass aquaria with UV-sterilized and filtered seawater. The set-up was placed in a roofed hatchery. To ascertain that the coral fragments were disease-free, the mounted coral fragments underwent an equilibration (quarantine) period of 2 wk. Preliminary trials involving 3 different stages of cell growth and 4 different modes of inoculation were conducted to determine the most reliable infection technique. These trials were performed in 50 l aerated aquaria (60 × 30 × 40 cm), each containing 6 coral nubbins. Final experiments were conducted with 9 replications, each containing 3 coral nubbins. Suspensions of 10 4 cells ml -1 stationary phase Vibrio sp. T5 served as the inoculum using a 1-step immersion technique. Two controls containing 9 replicates each were inoculated as follows: (1) with suspensions of 10 4 ml -1 heat-killed stationary phase Vibrio T5, or (2) with 100 ml sterile seawater (SSW). Water levels in the aquaria were adjusted periodically with sterile distilled water to maintain salinity.
Preparation of inocula. Three proteolytic isolates were tested at different growth stages that involved exponentially growing, stationary and starved cells. Volumes of 800 ml of batch cultures that had been agitated (150 rpm) in marine broth (HiMedia) were harvested after 1 d of exponential growth at 30°C by centrifugation in 50 ml Falcon tubes at 2900 × g (Eppendorf A-4-62 swing bucket) for 10 min. Pellets were resuspended in 10 ml of SSW, centrifuged and transferred into 10 ml (final volume) of SSW. Estimates of cell density were based on microscopic counts of cells stained with DAPI (Porter & Feig 1980) . After 4 d, stationary phase cells were obtained by centrifugation of batch cultures, which were then resuspended in SSW as stated above (Oliver et al. 1991) . Starved cell suspensions were prepared from washed cells obtained by repeated centrifugation of batch cultures harvested after 1 d of exponential growth, resuspension in SSW and incubation on a shaker (150 rpm) for 4 d at 30°C (Nystrom et al. 1992) .
Modes of inoculation. For direct injection, concentrated cell suspensions (10 9 cells ml -1
) were injected into corallites by means of a 26 gauge hypodermic needle. The nubbins were then submerged in a small jar containing seawater and transferred to 50 l, aerated, flow-through aquaria. Nubbins injected with SSW before aquaria transfer served as untreated controls.
For 2-step immersion, 5 cm coral fragments were immersed overnight in aerated 300 ml jars with SSW containing 10 9 cells ml -1 of the inoculum and then transferred to aerated 50 l flow-through aquaria. Immersion in SSW before aquaria transfer served as controls.
Inoculation by smearing was a modified procedure of Ben-Haim et al. (2003) . Coral nubbins were rinsed in SSW, drip-dried and smeared with 10 9 cells ml -1 before being transferred to flow-through tanks. 0% NaCl, swarming on marine agar, bioluminescence on marine agar, growth at 40°C, motility, Gramstaining, cytochrome oxidase, arginine dehydrolase, ornithine and lysine decarboxylase activity, indole production, gelatinase production, acetoin production (Voges-Proskauer test), nitrate reduction, indole production, acid from D-glucose, gas from D-glucose, utilization of cellobiose, and D-gluconic acid. Further tests were provided by the Biolog GN2 system (Biolog) at a final NaCl concentration of 3.0%. Bacterial growth on marine agar was suspended in GN/GP inoculating fluid (Biolog) and adjusted to absorbance readings of 0.10 at 590 nm. A bacterial suspension of 150 µl was pipetted into each well of the GN2 microplates (Biolog). Microplates were incubated at 30°C for 4 to 24 h depending on the rate of purple color formation. Color changes were recorded either visually or with a plate reader (BioRad) at 520 nm. Flagella of isolate T5 were examined in negatively stained samples of a growing culture suspension stained with 1% uranyl acetate (Harris 2007) .
For genotypic analyses, DNA was extracted from exponentially growing cultures (Sambrook et al. 1989 ). Isolates were grown overnight at 30°C in Luria-Bertani (LB) medium amended with 3% NaCl and harvested by centrifugation 10 000 × g for 1 min. Pellets were resuspended in lysis buffer and centrifuged again. The supernatant was transferred to a fresh 1.5 ml tube with 300 µl of phenol:chloroform (24:1) and mixed to remove residual proteins. The tube was centrifuged and the upper aqueous layer was transferred to a fresh 1.5 ml tube. The DNA in the aqueous phase was precipitated by centrifugation in twice its volume of 70% ice-cold ethanol. The pelleted DNA was then re-suspended in 50 µl Tris-ethylenediaminetetraacetic acid (TE) buffer and stored at -21°C. From the re-suspended DNA, 16S rDNA was amplified by PCR, and the reaction products were purified and sequenced. The 16S rDNA amplification process was done in a 50 µl reaction mixture consisting of 5 µl of 10× PCR buffer, 5 µl of 2.5 mM total dNTPs mixture, 1 mM of each primer, 1 µg template DNA and 2.5 U of Taq DNA polymerase (Invitrogen). The primers used were general prokaryotic 16S rDNA primers: forward 5'-AGA GTT TGA TYM TGG CTC AG and reverse 5'-ACC TTG TTA CGA CTT (Y = C/T, M = A/C) (Invitrogen). Amplification conditions for the PCR included denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 45 s. The final extension step was at 72°C for 5 min. Reaction products were purified and then sent to Macrogen (Korea) for sequencing. The resulting 1.5 kbp fragment of the putative Vibrio 16S rDNA sequence was compared with homologous published sequences.
Sequence similarity to published 16S ribosomal RNA (rRNA) was done by BLAST (Altschul et al. 1990 ). Calculations of similarity values were based on neighborjoining methods (Kita-Tsukamoto et al. 1993) with Bioedit (Hall 1999) .
Re-isolations. Material from white spots of field specimens of Porites cylindrica that had been infected with the putative causative agent triggering PUWS were collected with a syringe and plated onto TCBS agar plates. A total of 10 colonies showing similar characteristics as the putative causative agent were isolated for further identification involving selected phenotypic tests and 16S rRNA gene sequencing.
Statistical methods. One-way ANOVA from Statistica v. 7 (StatSoft) was used to determine whether significant differences existed among infection trial treatments of Porites cylindrica.
RESULTS

Choice of isolates for infection trials
During the summer of 2006, Porites cylindrica specimens showing signs of PUWS were collected from a reef site at Malilnep channel and screened for the presence of putative Vibrionaceae. More than 80% of the colonies growing on TCBS agar were non-fermenters of sucrose. Of the sucrose non-fermenters (isolates T2, T3 and T5) 3 out of 20 showed high ectoprotease activity in an arbitrary and semi-quantitative test. These isolates came from the same reef site, but from different PUWS affected P. cylindrica specimens. TCBS agar colonies resembling the sucrose nonfermenting isolate T5 were found in all of 10 field samples from white spots of PUWS infected P. cylindrica. This type of isolate was not found on the surface of 10 healthy field samples of P. cylindrica serving as controls.
Response patterns in preliminary infection trials
Isolates T2, T3 and T5 were chosen for preliminary infection trials by using cell suspensions of different growth status (cell types) as inoculum and applying different modes of inoculation. Depending on these conditions and on the titer of the cell suspension used as inoculum, white spots, tissue degradation (lysis of the coral tissue) and bleaching were observed ( ) (Fig. 1) . The highest percent of nubbins in an aquarium showing signs of PUWS was observed in a 1-step immersion trial treated with T5 stationary cells at 10 4 cells ml -1 (83%). No PUWS signs were observed in the injection, 2-step immersion or smearing methods that used more concentrated inocula of any isolate. Tissue degradation (Fig. 1 ) occurred after the 2-step immersion with 10 9 cells ml -1 of T2 and T5 (exponentially growing and starved cells). Tissue degradation was further observed after 1-step immersion at titers of 10 6 and 10 9 cells ml -1 with isolates T2 and T5 as exponentially growing cells (100%), at 10 4 cells ml -1 with isolates T5, as exponentially growing (100%), and at 10 4 cells ml -1 with stationary phase cells of isolate T5 (17%). Tissue degradation was also observed in corals treated by smearing with exponentially growing and stationary phase cells of isolate T3. Bleaching occurred only in Porites cylindrica nubbins that had been treated by smearing with isolate T5. P. cylindrica nubbins that were not inoculated with any bacterial isolate (control treatment with sterile seawater) did not produce any signs of PUWS, and did not show either necrosis or bleaching in any of the infection modes applied.
Within an experimental temperature range varying from 24.5 to 34°C, all 6 corals remained healthy and pigmented for 10 d after infection. White spots began to show 15 d after inoculation at cell densities of 10 4 cells ml -1
. Most consistent infection results were obtained with stationary phase cells of isolate Vibrio sp. isolate T5. By Day 25, 5 of the 6 infected corals were bleached. Bleached corals eventually progressed to show tissue degradation after 2 wk. Occasionally, signs of bleaching disappeared after the same time period of 2 wk. However, an inoculum titer of 10 6 cells ml -1 caused signs of lysis 2 wk after inoculation in 3 of 6 replicates. A titer of 10 9 cells ml -1 resulted in infection of all 6 infected replicate coral nubbins and their death. Tissue degradation (Fig. 1) typically started as patches, usually on the verrucae of the branches, which slowly united and progressed until the entire tissue was degraded, leaving only the bare skeleton. Coral fragments serving as controls that were inoculated with SSW remained healthy and pigmented in all treatments for at least 2 mo (Table 1, Fig. 1 ).
Final choice of infection trials
In combination with stationary growth cells serving as inoculum 1-step immersion proved the most effective infection technique. This technique was chosen for improved infection trials with putative Vibrio isolate , dissolved oxygen from 5.5 to 8.1 mg l -1 and salinity from 33.2 to 35.2. At a final density of 10 4 cells ml -1 stationary phase test strain T5 elicited the first signs of PUWS infection (small spots in 1 out of 9 aquaria) on Porites cylindrica nubbins 7 d after inoculation (Fig. 2) . At this time average physical conditions recorded in the aquaria were: 29.0°C, 7.1 mg l -1 dissolved oxygen, salinity of 33.4 and light intensity of 70 µE mol -1 cm -2
. Ulcerative white spots were observed 16 d after inoculation in 3 of 9 aquaria at 29.7°C, 7.5 mg l -1 dissolved oxygen, salinity of 34.1 and light intensity of 34 µE mol -1 cm -2 (Fig. 3) . The frequency of PUWS infection, 32 d after inoculation, had risen to 6 out of 9 aquaria at 29.2°C, 6.5 mg l . In the aquaria showing infection, 18 infected corals were randomly sampled for the T5 re-isolate.
Treatments with stationary phase isolate T5 were significantly different from both those with heat-killed stationary phase isolate T5 and those serving as uninoculated controls (p > 0.05). In the treatment with heat-killed isolate T5 white spots were observed sporadically and earlier (after 3 d) than in the treatment with stationary phase isolate T5, but disappeared again after 1 d. (Fig. 2) . White spots appeared after 26 d in 1 of 9 replicates, but had disappeared again the No ulcerative white spots were observed in the uninoculated control receiving only sterile seawater (Fig. 3) .
Taxonomic characterization of strains tested
Isolates T2, T3 and T5 were sucrose non-fermenting, Gram-negative, motile curved rods (1.0 to 1.3 × 0.7 µm) with polar flagella forming small (3 mm) colonies on both TCBS and marine agar. All 3 strains required NaCl for growth at a concentration in the range of 0.3 to 8%, were cytochrome oxidase positive, fermented glucose, reduced nitrate to nitrite without gas production, lacked arginine dihydrolase and ornithine decarboxylase activities, did not utilize cellobiose or gluconate, and showed negative responses in VogesProskauer tests for acetoin production (using 1% Baritt medium at pH > 6.0), but produced indol.
Further phenotypical characterization of strain T5 indicated growth at 40°C and utilization of the following BIOLOG substrates: adonitol, myo-inositol, lactose, raffinose, dextrin, Tween 40, Tween 80, N-acetyl-D- 
acid, phenylethylamine, putrescine, 2-aminoethanol, 2, 3-butanediol, urea, 4-nitrophenyl-β,D-galactopyranoside and esculin. Using a nucleotide similarity search (BLAST), the 16S rRNA gene sequence of isolate T5 showed 99% similarity to Vibrio parahaemolyticus AY303956. However, a cladogram based on the sequences of Vibrio type strains and neighbor-joining methods placed isolate T5 in the immediate vicinity of V. natriegens X74714, but still in the neighborhood of V. parahaemolyticus X74720 (Fig. 4) . This cladogram also reflected sequence similarity matrix values of 80.6 and 81.0% of isolates T2 and T3, respectively, to isolate T5 (Fig. 4) .
Re-isolation of causative agent
Vibrio T5 was re-isolated from ulcerative white spots of artificially infected Porites cylindrica. Similiarity of the sucrose non-fermenting isolate on TCBS to the inoculum strain T5 was close enough to consider it as putative re-isolate. Confirmation of the re-isolation of Vibrio isolate T5 was shown by 16S rRNA gene sequence analysis. The re-isolate was shown to be 97% similar to the putative causative agent T5. In contrast, TCBS agar isolates from healthy P. cylindrica were dominated by sucrose fermenting colonies. None of the non-fermenting TCBS colonies obtained from the surface of healthy corals matched the putative causative agent, Vibrio T5.
DISCUSSION
Vibrios in Bolinao Bay waters
Extremely high densities of various Vibrio populations may be caused by organic matter input from intensive milkfish farming near coral reef sites at prevailing water temperatures around 30°C (Reichardt et al. 2007) . The majority of known coral disease-causing bacteria are also Vibrio species (Rosenberg et al. 2007 ). Therefore, screening of Porites white spots on TCBS agar for putative Vibrio spp. was a promising approach to detect the causative agent of PUWS (Bolinches et al. 1988 , Ben-Haim & Rosenberg 2002 . In contrast to earlier results obtained in open-water bacterial monitoring with TCBS plate counting, the majority of putative Vibrio spp. from white spots showed no fermentation of sucrose on TCBS agar. This non-fermenting subgroup tends to be more often associated with Vibrio spp. of the intestinal microflora of milkfish and other oxygen-deficient microhabitats in Bolinao Bay (W. T. Reichardt unpubl. data). A recent semi-quantitative comparison of bacterial genetic markers from the fish farming area of Bolinao Bay and nearby coral reefs has already suggested a 'wash-out' of certain bacteria, predominantly Vibrio spp., from the fish cages to the coral reefs (Garren et al. 2008 ).
Design of infection trials
Four different infection techniques have so far been applied to identify coral diseases (Kushmaro et al. 1997 , Ben-Haim & Rosenberg 2002 , Patterson et al. 2002 , Cervino et al. 2004 , Smith & Weil 2004 . Infection by injection and smearing involved mechanical stimulation of the corals and could have been negatively affected by coral antibacterial responses (Geffen & Rosenberg 2005) . However, extracts from mechanically stimulated Porites cylindrica nubbins failed to inhibit the growth of test strain Vibrio sp. T5 on TCBS agar (authors' unpubl. data). Infection techniques that were only based on transmission through water (2-step and 1-step immersion) could have improved the conditions for successful infection, if PUWS required similar cell surface interaction and signaling as described for the host -mucus-pathogen system of infections by toxin P-producer V. shiloi of the coral Oculina patagonica (Banin et al. 2000) . A comparison of all 4 methods revealed that the most consistent signs of PUWS were obtained with 1-step immersion and resulted in the subsequent use of this technique. An effect of ambient diurnal temperature shifts between the measured extremes of 24 and 34°C could not be excluded.
In the upper temperature range, abiotic bleaching effects on corals can occur when temperatures rise above the temperature tolerances of corals (HoeghGuldberg 1999) . Since none of the non-inoculated controls in the trials showed bleaching (Table 1) , such an effect was discounted. Sporadic bleaching was, however, noted in a few corals that had been infected by smearing. This observation could support the view that bleaching of corals depends on both abiotic and biotic factors (Ben-Haim & Rosenberg 2002) . In an immersion-heater-controlled side experiment with 29°C set as the lower temperature limit, 6 nubbins of Porites cylindrica (kept in 1 aquarium) bleached when inoculated with stationary phase isolate T5, but only when the inoculation had taken place in the daytime. No signs of PUWS were observed in an un-inoculated control (Fig. 3) . This response resembles bleaching of Pocillopora damicornis in the presence of Vibrio coralliilyticus that occurs only above 25°C (Ben-Haim & Rosenberg 2002 ).
Properties of the inoculum
Appearance of characteristic ulcerative white spots (Fig. 1) depended also on the titer of the inoculum (Table 1) . A titer of 10 3 was sometimes insufficient to cause signs of PUWS, whereas 10 4 cells ml -1 consistently caused ulcerative white spots within 2 to 4 wk. Higher cell densities of the inoculum caused immediate tissue lysis and death (tissue degradation) ( Table 1) . Tissue degradation had been observed mainly with isolate T2, which showed the highest specific activity of ectoprotease (3144 µg h -1 mg -1 protein) in batch cultures of the 3 test strains. Protease activity of isolates T5 and T3 were 1726 and 309 µg h -1 mg -1 , respectively. Tissue degradation had previously been observed only on massive, but not branching, Porites species and was considered as a different disease (Raymundo et al. 2003) . Existence of multiple signs of PUWS would be unprecedented notwithstanding a description of coalescing and spreading white spots among various Porites spp. (Raymundo et al. 2003) . Field observations by Raymundo et al. (2005) included necrotic signs, but they did not relate these to PUWS.
It would be premature to assign the non-specific ectoprotease activity that is rather common among marine vibrios as a virulence factor in PUWS. Nevertheless, effects of the physiological status of the cells of Vibrio sp. T5 on infection results are striking (Table 1) . Vibrio cells undergoing starvation survival (including stationary phase cells in batch cultures) increase their adhesive properties, and at the same time produce starvation survival proteins (Kjelleberg et al. 1983 , Wang & Leung 2000 . In-depth molecular studies are needed to link PUWS and the properties of stationary phase cells of pathogenic Vibrio species to their virulence (Paul et al. 1991 , Ben-Haim et al. 2003 , McDougald et al. 2003 , Nielsen et al. 2006 , Sussman et al. 2008 ).
Koch's postulates
Koch's postulates as applied to bacterial pathogens of corals have been summarized by Rosenberg (2004) . In 1-step immersion trials containing healthy corals in 9 replicate aquaria at ambient temperature (ranging between 25.1 and 30.6°C), 67% showed ulcerative white spots as described by Raymundo et al. (2003) (Fig. 1) . Complete absence of these disease signs from control treatments with sterile seawater or heat-killed suspensions of isolate T5 also confirmed the suitability of these open-air testing systems.
Maximum infection rates of 67% are comparable with those reported for bacterial bleaching of Oculina patagonica infected with Vibrio shiloi (Kushmaro et al. 1997) , lower than the 100% infection rate of Pocillopora damicornis with V. coralliilyticus (Ben-Haim et al. 2003) , and exceeding the effectiveness of white pox infections of Acropora palmata by Serratia marscescens (Patterson et al. 2002) .
Re-isolation of the infectious test strain Vibrio sp. T5 from newly infected Porites cylindrica was achieved at the relatively low frequency of 1 out of 16 colonies growing on TCBS agar. This result could perhaps be explained by a strong secondary bacterial colonization, and in particular by an increase of sucrose-fermenting putative vibrios that are possibly instrumental to recovery from PUWS (M. J. Pueblos unpubl. data).
Taxonomic classification of PUWS causing isolate
Vibrio isolate T5 as well as the other disease causing Vibrio isolates T2 and T3 shared 99% similarity of their 16S rRNA gene sequence with V. parahaemolyticus AY303956 (Nishiguchi & Nair 2003 ). Yet, a cladogram based on type strains of Vibrio spp. puts Vibrio isolate T5 into the neighborhood of V. natriegens and V. proteolyticus (Farmer & Janda 2005;  Fig. 3 ). Phylogenetic distinction between Vibrio species that is merely based on 16S rRNA gene similarities is most probably insufficient and should be considered on a broader basis including, in particular, multilocus sequence analysis (Thompson et al. 2005) . Furthermore, a phenotypic dichotomous key suggested by Noguerola & Blanch (2008) revealed a discrepancy with basic features of Vibrio isolate T5, since it failed to recognize it as a sucrose-fermenting pathogenic vibrio that can be isolated on TCBS agar. Work on the taxonomic identification of this PUWS causing bacterium must therefore be continued before a species name can be suggested and assigned. 
